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Recent angle resolved photoemission spectroscopy measurements have identified an inversion sym-
metry breaking Weyl semimetal phase in TaAs and NbAs. In an inversion symmetry breaking Weyl
semimetal the left and the right handed Weyl points can occur at different energies and the energy
mismatch between the Weyl points of opposite chirality is known as the chiral chemical potential.
In the presence of the chiral chemical potential, the nontrivial Berry curvature of the Weyl fermions
gives rise to the dynamic chiral magnetic effect. This describes how a time dependent magnetic field
leads to an electrical current along the applied field direction, which is also proportional to the field
strength. We derive a general formula for the dynamic chiral magnetic conductivity of the inversion
symmetry breaking Weyl semimetal. We show that the measurement of the natural optical activity
or rotary power provides a direct confirmation of the existence of the dynamic chiral magnetic effect
in inversion symmetry breaking Weyl semimetals.
Introduction : Recently there has been a surge of in-
terest in three dimensional Weyl semimetals (WSM),
which are gapless systems with nontrivial momentum
space topology. In these systems two non-degenerate
bands linearly cross at isolated points in the momentum
space, which act as the unit strength monopole and anti-
monopole of the Berry curvature Ωn,k of the Bloch bands
indexed by n [1, 2]. The low energy quasiparticles around
the monopole and the antimonopole of the Berry cur-
vature are respectively known as the right and the left
handed Weyl fermions and the topological invariant of
the Weyl fermions is entirely specified by the strength of
the monopoles. The existence of the nontrivial Berry cur-
vature requires that the spatial inversion (P) and/or the
time reversal (T ) symmetries are broken. In the past few
years there have been many theoretical proposals for re-
alizing the Weyl quasiparticles in semimetal [3–8] and su-
perconducting [9–13] systems. On the experimental side
researchers have only recently identified the existence of
an inversion symmetry breaking WSM phase [14, 15] in
TaAs [16, 17] and NbAs [18] through angle resolved pho-
toemission experiments. Because of T symmetry, an in-
version asymmetric WSM can only support an even num-
ber of right and left handed pairs of Weyl fermions, in
contrast to WSMs with broken T . Thus, while a non-zero
anomalous Hall effect serves as the characteristic topo-
logical magneto-electric effect (mediated by non-trivial
Berry curvature) in WSMs with broken T symmetry, in
the inversion symmetry breaking WSMs the anomalous
Hall effect identically vanishes. In the inversion asym-
metric WSMs, on the other hand, the energy difference
between the right and the left handed Weyl fermions, also
known as the chiral chemical potential, can be naturally
non-zero. In this paper we propose an experimental test
for the dynamic chiral magnetic effect (DCME), which
is an intriguing topological magneto-electric effect of in-
version symmetry breaking WSM, through the measure-
ment of natural optical activity or rotary power of the
transmitted light.
The nontrivial Berry curvature of WSM can lead to
many anomalous transport properties. For simplicity, let
us consider a WSM with one pair Weyl points of opposite
chirality, which are separated in the momentum space by
δK and in energy space by ∆ (also known as the chiral
chemical potential). Such a system breaks both T and
P symmetries. Field theoretic calculations suggest that
such a system possesses a dynamic magneto-electric cou-
pling θ(x, t)E ·B, where θ(x, t) = (δK · x−∆ t) [19–21].
Since δK and ∆ are respectively odd under time reversal
and inversion operations (δK→ −δK and ∆→ −∆), the
magnetoelectric coefficient θ(x, t) is P and T odd. This
magnetoelectric coupling leads to the anomalous charge
current
j =
e2
h
δK×E+
e2
h2
∆ B. (1)
In the absence of T symmetry, the spatial gradient of
θ(x, t) governs the anomalous charge Hall current. In
contrast, the time derivative of θ(x, t) induces a current
along the direction of the applied magnetic field for the
inversion asymmetric Weyl semimetal, which is known
as the chiral magnetic current (CME)[22, 23]. Recently,
there has been some controversy regarding the existence
of the equilibrium CME in condensed matter systems
[24–28]. In contrast, it is accepted that a DCME can
exist in response to a time dependent magnetic field. In
particular, the existence of the DCME has been argued
in the quark-gluon plasma [22, 29], and rotating 3He−A
[1]. Therefore it is natural to ask about the possible
experimental ramifications of the DCME in solid-state
realizations of inversion symmetry breaking WSM. This
question assumes even more importance in light of the re-
cent experimental observations of the inversion symme-
try breaking WSM, for which the anomalous Hall con-
ductivity vanishes due to the presence of T symmetry,
2and DCME (that requires the existence of the inversion
symmetry breaking chiral chemical potential) is the char-
acteristic signature of the topological magneto-electric ef-
fect.
In this paper we show that the DCME current is in-
timately related to the natural optical activity of an in-
version symmetry breaking metal, which is also known
as the optical gyrotropy [30–35]. The optical gyrotropy
arises due to the existence of the gyrotropic current in
response to the time derivative of the magnetic field or
the curl of the electric field, which are related by the
Maxwell’s equation, ∂tB = −∇ × E. We employ the
following definitions of the chiral magnetic and the gy-
rotropic currents
jch(q, ω) = σch(q, ω) B(q, ω), (2)
jg(q, ω) = σg(q, ω) iω B(q, ω) (3)
where σch(q, ω) and σg(q, ω) are respectively the com-
plex chiral magnetic and the complex gyrotropic conduc-
tivities. The real and the imaginary parts of the σch(q, ω)
respectively lead to the currents, which are in and out of
phase with the magnetic field. By comparing two defini-
tions we immediately find the remarkable relation
σch(q, ω) = iω σg(q, ω). (4)
In the presence of a nonzero gyrotropic conductivity,
the refractive indices for the left and the right circu-
larly polarized light become different, which in turn
causes a rotation of the plane of polarization for the
transmitted light, even in the absence of a uniform
external magnetic field. The amount rotation of the
plane of polarization per unit length is known as the
rotary power, and the imaginary part of the gyrotropic
conductivity governs the size of the rotary power [30].
Therefore, the central result of this paper is that the
natural optical activity can be used as a test for the
existence of the real part of the dynamic chiral magnetic
conductivity of inversion symmetry breaking WSMs
such as TaAs and NbAs. Below we derive a formula for
the dynamic chiral magnetic conductivity and optical
activity (rotary power) of an inversion asymmetric WSM.
Tight-binding model of inversion asymmetric WSM:
Experimental systems such as TaAs and NbAs are body
centered tetragonal systems which possess twelve pairs of
right and left handed Weyl fermions (altogether twenty
four Weyl points), and currently there is no simple tight
binding model for describing these materials. For this
reason we adopt a simple two band model defined on a
cubic lattice, which can easily capture all the physically
interesting topological aspects of an inversion symmetry
breaking WSM. Our Hamiltonian is defined as
H =
∑
k
ψ†
k
[N0,k σ0 +Nk · σ]ψk, (5)
where the spin independent hopping term N0,k and the
spin-orbit coupling terms Nk are respectively even and
odd under spatial inversion and the Pauli matrices σ op-
erate on the physical spin indices. For simplicity we
only choose nearest neighbor hopping terms and ob-
tain Nk = tSO[sin(k1a), sin(k2a), sin(k3a)], and N0,k =
−2t1[cos(k1a) + cos(k2a) + cos(k3a)], with t1 ≪ tSO,
where a is the lattice spacing. The quasiparticle spec-
tra are given by
En,k = N0,k + (−1)
n|Nk|, (6)
where n = 1, 2. The Berry curvatures for the Bloch bands
are given by
Ωn,k,a = (−1)
n+1Ωa =
ǫabc
4N3
N · (∂bN× ∂cN). (7)
The Weyl excitations occur around the eight high sym-
metry points Γ: (0,0,0); M: (π/a, π/a, 0), (π/a, 0, π/a),
(0, π/a, π/a); X: (π/a, 0,0), (0, π/a, 0), (0, 0, π); and R:
(π/a, π/a, π/a) of the cubic Brillouin zone. In addition,
Γ and M points act as the four right handed Weyl points
while R and X points are the four left handed Weyl
points. In the vicinity of these points, quasiparticles pos-
sess linear dispersion and the Berry curvature acquires
the characteristic form of a monopole (antimonopole)
Ωa = (−1)
(K1+K2+K3) sgn(tSO)
ka
2k3
,
where Kjs are the components of the wave-vectors of the
Weyl points. The spin independent hopping term shifts
the Weyl points in the energy space, and gives rise to the
chiral chemical potential. The linearized Hamiltonian for
the low energy quasiparticles can be compactly written
as
H ≈
∑
j
∫
d3k
(2π)3
ψ†j,k[∆j +
3∑
b=1
vb,j(ka −Kb,j)σb]ψj,k,
(8)
where the momentum deviation from the Weyl points are
restricted by an ultraviolet cutoff Λ ∼ π/a, and the ve-
locity components satisfy |vb,j | = |tSO|a/~. Specifically
the crossing of two bands at Γ, M , X and R respectively
occur at energies ∆j = −6t1, 2t1, −2t1, 6t1. If overall
chemical potential is set to zero this system will behave
as a compensated semimetal. If t1 > 0, we have electron
pockets centered at Γ and X points and hole pockets
around M and R points. By choosing further neighbor
spin independent hopping the reference energies and the
volumes of the Fermi pockets can be modified. Therefore
our simple tight binding model clearly explains how the
energy mismatch between the Weyl points can naturally
arise in a material.
Dynamic chiral magnetic conductivity : In the presence
of the electromagnetic field we need to replace k by k−eA
3and also consider a dynamic Zeeman coupling gµBσ ·∇×
A, which leads to the following current operators
ja(k) = −e[∂aN0,k + ∂aNk · σ + iγǫabcσbkc], (9)
and γ = gµB/e. For simplicity, we will focus on the
high frequency regime (ωτ >> 1), where the scattering
effects due to impurities can be ignored. In this colli-
sionless regime, the chiral magnetic conductivity can be
calculated using the following Kubo formula [22, 23]
σch(q, ω) =
ǫabc
2iqc
Πab(iΩm → ω + iδ,q), (10)
where
Πab(iΩm,q) = T
∑
n
∫
d3k
(2π)3
Tr[ja,kG(iωn,k− q/2)
×jb,kG(iωn + iΩm,k− q/2)] (11)
is the current-current correlation function and
G(iωn,k) =
iωn + µ−N0,k +Nk · σ
(iωn + µ−N0,k)2 − |Nk|2
(12)
is the propagator for the fermions. In the above equa-
tions, ωn = (2n + 1)πT and Ωm = 2πmT are respec-
tively the fermionic and the bosonic Matsubara frequen-
cies, and n, m are integers.
For long wavelength electromagnetic waves, ω ≫ vF |q|
and we can ignore the q dependence of the chiral magnetic
conductivity. This approximation also provides the an-
swer for the chiral magnetic conductivity in the presence
of a time dependent, but spatially homogeneous mag-
netic field. Therefore, we restrict ourselves to finding the
q-linear part of Πab. In the following we choose Π12 as a
function of q = (0, 0, q). After performing the trace and
the Matsubara sum we obtain the following two contri-
butions to the dynamic chiral magnetic conductivity
σch,1(iωm) = 2e
2γ2
2∑
n=1
∫
k
[
n′F (En) k ·Nk k3∂3En
T [(iωm)2 − 4|Nk|2]
−
(−1)nnF (En) k ·Nk k3∂3N0,k
|Nk|[(iωm)2 − 4|Nk|2]
{
1−
2(iωm)
2
(iωm)2 − 4|Nk|2
}]
,
(13)
σch,2(iωm) = 4e
2
2∑
n=1
∫
k
|Nk|
3
[
n′F (En) Ω3,k∂3En
T [(iωm)2 − 4|Nk|2]
−
(−1)nnF (En) ∇N0,k ·Ωk
|Nk|[(iωm)2 − 4|Nk|2]
+
(−1)nnF (En) (iωm)
2
|Nk|[(iωm)2 − 4|Nk|2]2
×2Ω3,k∂3N0,k
]
, (14)
which respectively arise from the dynamic Zeeman cou-
pling and the underlying Berry curvature. These two
equations constitute our main result, and can also be
applied to a generic inversion symmetry breaking metal.
After an analytic continuation to the real frequencies, we
obtain the complex chiral magnetic conductivity.
Now we apply these formula for evaluating the chi-
ral magnetic conductivity of a WSM with a finite chiral
chemical potential. For simplicity now we use the con-
tinuum Hamiltonian, as described by Eq. (8). The entire
expression now depends on the derivative of the Fermi
function, which at zero temperature reduces to a delta
function, and the dynamic chiral magnetic conductivity
for this model becomes
σch(ω) =
e2sgn(tSO)
3π2~2
∑
j
(−1)(K1,j+K2,j+K3,j)
×
(
1 +
γ2µ2j
~2|v|4
)
µ3j
(~ω + iδ)2 − 4µ2j
, (15)
where µj = µ+∆j , and µ is the conventional chemical po-
tential, |v| = |tSO|a/~. Notice that the imaginary part of
the σch only appears when the frequency is tuned exactly
at the effective chemical potentials µj of the Weyl quasi-
particles. Even though we obtain a finite chiral mag-
netic conductivity by setting ω = 0 in Eq. (15), this
answer does not constitute an equilibrium CME. For the
equilibrium CME, we have to first set iωm to be zero in
Eq. (10) [28]. On a general ground we anticipate the low
frequency dynamic chiral magnetic conductivity obtained
from Eq. (13) and Eq. (14) to be considerably modified
by various relaxation processes. In contrast, there is an
universality in the high frequency regime. At frequencies
much higher than the chemical potentials of the Weyl
fermions (which is quite small in TaAs and NbAs) and
the scattering rate 1/τ , the chiral magnetic conductivity
is entirely real and decreases as 1/ω2. The corresponding
4asymptotic form is given by
σch(ω) ∼
e2sgn(tSO)
3π2~2
∑
j
(−1)(K1,j+K2,j+K3,j)
µ3j
(~ω)2
×
(
1 +
γ2µ2j
~2|v|4
)
. (16)
This equation also implies that the high frequency gy-
rotropic conductivity is purely imaginary and decreases
as 1/ω3.
Before determining the overall magnitude of the chi-
ral magnetic conductivity, we first compare the strengths
of the contributions from the dynamic Zeeman cou-
pling and the Berry curvature. This is quantified by
the dimensionless ratio γ2µ2j/(~
2v4). Recent magneto-
transport experiments on TaAs [36] suggest the follow-
ing estimates µ ∼ 11.48meV , v ∼ 1.16 × 105m/s, and
kF = µ/(~v) ∼ 1.5 × 10
8m−1. For simplicity we choose
g = 2 and γ = ~/me, where me is electron’s rest mass.
Therefore, the dimensionless ratio becomes
γ2µ2
~2v4
=
µ2
m2ev
4
=
~
2k2F
m2ev
2
∼ 1.9× 10−2. (17)
This estimate suggests that the contribution from the
Berry curvature dominates over the one from the dy-
namic Zeeman coupling if g ∼ 2. However, in a semicon-
ducting system the g factor can be substantially different
from 2. In particular, along certain directions it can be
an order of magnitude larger than 2. Such an enhanced
g factor can make both contributions comparable.
Now we turn to the estimation of the chiral magnetic
conductivity due to the Berry curvature. When the fre-
quency of the electromagnetic field is bigger than the
plasma frequency of the Weyl fermions ωp ∼ |µ|/~ [37, 38]
and the scattering rate τ−1 due to impurities, the chiral
magnetic conductivity can be approximated as
σch(ω) ∼
128e2t31
π2~4ω2
. (18)
For TaAs, the ~ωp ∼ 11.48meV and ~/τ ∼ 5meV ,
and we can apply Eq. (18) for the estimation of σch if
~ω >> 11.5meV . In particular, the infrared frequencies
50meV < ~ω < 1.7eV will be suitable for experimen-
tal detection of chiral magnetic conductivity of different
WSMs. In the presence of the chiral magnetic conductiv-
ity, the right and the left circularly polarized electromag-
netic waves propagate with different velocities, and also
possess different refractive indices [30, 39]. This gives rise
to the natural optical activity which is described in terms
of the rotary power (rotation of the plane of polarization
of the transmitted light per unit length) [30, 33, 42]
dθ
dl
=
h
2e2c
ℜ[σch(ω)]. (19)
where c is the speed of light in the vacuum. There-
fore, the rotary power, which is a very well known and
widely measured quantity can provide a direct measure-
ment of the real part of the chiral magnetic conduc-
tivity. By choosing t1 ∼ 5meV , we find that
dθ
dl
de-
creases from 665◦/mm (for ~ω = 50meV ) to 0.6◦/mm
(for ~ω = 1.7eV ). For ~ω = 62meV our estimated ro-
tary power 424◦/mm is about eight times larger than the
experimentally observed rotary power ∼ 50◦/mm of tel-
lurium [43, 44]. As the rotary power of tellurium exceeds
that of quartz for infrared frequencies [43], we can safely
conclude that inversion asymmetric WSMs can generi-
cally display a large rotary power. It is important to
note that the natural optical activity in the presence of
time reversal symmetry does not lead to the polar Kerr
effect, which describes the rotation of the plane of polar-
ization for the reflected light [41, 42]. Recently in Ref. 42,
the authors have considered the possibility of enhancing
the optical activity of the WSM by applying external
electric and magnetic fields in parallel, which can serve
as a potential test of the chiral anomaly. Their results
are somewhat different from ours, as they have not con-
sidered an equilibrium chiral chemical potential, and the
chiral chemical potential rather emerges as a consequence
of the chiral anomaly (and it is proportional to applied
E ·B). In addition, the authors have not considered the
role of the Zeeman coupling either.
In conclusion, we have established a direct relation
between the DCME and the optical gyrotropy for inver-
sion symmetry breaking WSMs (see Eq. (3)). Based on
this observation we have suggested the natural optical
activity or the rotary power for the transmitted light
as a direct evidence for the existence of the DCME for
inversion asymmetric WSMs such as TaAs and NbAs.
We have introduced a simple tight binding model on
a cubic lattice, which produces eight Weyl points with
different reference energies or chiral chemical potentials.
Our general formula for the high frequency chiral
magnetic conductivity (see Eq. (13) and Eq. (14)), can
also be applied to generic inversion symmetry breaking
metals such as Li2Pt3B and Li2Pd3B [45, 46].
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